Introduction
Osteoarthritis (OA) is one of the most prevalent joint disorders characterized by articular cartilage attrition and joint pain.
Nowadays, OA is considered a disease of "the whole joint" 1, 2 . The integrity and function of the cartilage can be influenced by pathological changes in structure and function of other joint tissues. Focal interaction among subchondral bone, marrow and cartilage in OA pathogenesis is drawing increasing attention 3e6 .
Subchondral bone cysts (SBCs) were first defined as a concentric arrangement of trabeculae around an enlarged marrow space on radiographs 7, 8 . On magnetic resonance imaging (MRI), SBCs demonstrate well-defined rounded areas of fluid-like signal intensity 9, 10 . This allows the detection of small SBCs, and thus MRI is more sensitive than radiography in detecting SBCs 9 . Through the use of MRI, it has been reported that SBCs are present in up to 57% of OA patients 11 . The presence of SBCs is associated with knee pain 12 , joint disability 13 , cartilage loss, and increased risk of knee replacement in OA 14 . Two theories were supposed to explain the formation of SBCs: the "fluid breach theory" 15 , and the "bony contusion theory" which claimed that, in the region of subchondral bone where the overloading exceeds the limits of physiological endurance, the bone dies and is liquefied 16, 17 . SBCs were reported to develop in bone marrow lesions (BMLs) in patients with or at risk for knee OA, which supports the bony contusion theory 10 . Using micro computed tomography (micro-CT), studies revealed that trabeculae around SBCs was increased in density but decreased in mineralization than trabeculae unaffected by SBCs in human hip OA 15, 16 . However, such changes have not been fully elucidated in human knee OA. Histologically, necrotic bone fragments in SBCs and fibrous tissue surrounding cyst cavities were found in human OA knee 18 .
Furthermore, immunohistochemical staining showed high expression of markers for osteoblast and osteoclast in SBCs in an animal model of secondary knee OA 19 . These studies suggest that changes in bone structure and remodeling occur in SBC regions. However, histopathology evaluation of cartilage and bone remodeling in SBCs within human knee OA are still poorly understood. Investigation of associations among bone remodeling and structure and cartilage in SBC regions will contribute to knowledge of OA pathogenesis.
Thus, we aimed to determine the changes in bone structure and turnover, and cartilage, within the SBC regions. We intended to identify the possible association between SBC formation and cartilage degeneration in the same subregions. By determining the contents within and surrounding SBCs, we hoped to provide insight into the origin of OA SBCs. We hypothesized that SBC regions in human OA knees are foci of increased bone remodeling and altered structure, and are spatially associated with articular cartilage degradation.
Patients and methods

Subjects
This study was approved by the Institution Review Board of the University of Hong Kong (Ref Nr: UW-09368). All patients gave informed written consent prior to their participation in this study.
A consecutive series of 97 patients with primary knee OA was enrolled in this study at the authors' hospital from February 2012 to April 2013. The diagnosis of OA was according to the classification of the American College of Rheumatology 20 . Inclusion criteria were
Chinese living in Hong Kong aged between 45 and 75 years old. Patients were excluded if they had a history of knee joint trauma, other forms of arthritis, metabolic bone diseases, bone tumors, or were on any medications affecting bone remodeling. The patients' demographic data, including age, sex, and body mass index (BMI), were recorded. The large SBCs were observed using plain radiographs. The radiographic severity of OA were evaluated according to Kellgren and Lawrence (KeL) system 21 by an experienced reader (FL), using radiographs (standing anteroposterior view in 15 of flexion and a supine lateral view in 45 of flexion) 22 obtained 1 week prior to operation. Mechanical alignment of the lower extremity (the hip-knee-ankle angle) was assessed with full-limb standing radiographs (FL) 23 . The radiograph reader was blinded to patients' other information while performing KeL grading and assessment of mechanical alignment.
Micro-CT
Tibial plateaus removed from the 97 patients during total knee arthroplasty (TKA) were collected. Then, macroscopic examination of these specimens was performed. Serial micro-CT scans of these 97 tibial specimens were carried out under a micro-CT scanner (Bruker micro-CT 1076, Belgium) with protocols described previously 24 . For three dimensional (3-D) measurements, the volume of interest (VOI) was selected as 10 Â 10 Â 5 mm 3 of trabecular bone beneath the subchondral plate (SP) at the center of the medial tibial plateau ( Supplementary Fig. 2AeD ). The extraction of subchondral bone was performed with the aid of the edge detection function of MAT-LAB R2010a as previously described 24 . Briefly, the 2-D images were converted into discrete binary objects by the global thresholding and binarisation procedures using the software CTAn (Bruker micro-CT, Belgium). The irregular boundary of binary objects was detected after segmentation. The edges of bone cyst were saved as the region of interest (ROI) in the binary bitmap images, and unwanted edges were removed based on their coordinates in the segmented images to obtain the ROI for analysis.
The presence of SBCs was examined in all three anatomical planes using the software DataViewer (Bruker micro-CT, Belgium) ( Supplementary Fig. 1 ). A bone cyst was defined as a spherical or ellipsoidal space that contained hardly any bone 15, 16 . Only SBCs with a diameter greater than 1 mm were extracted, using an automatic method proposed by Chiba and colleagues 25, 26 with the "morphology-based operations" model of the software CTAn. Briefly, trabeculae were dilated by 0.5 mm from the surface threedimensionally, so bone marrow spaces less than 1 mm in diameter were closed. Next, the remaining spaces were dilated by 0.5 mm from the surfaces to restore their original shape. Then, after confirming the shape of the spaces (spherical or ellipsoidal), the SBCs were obtained 25, 26 . Then the volume of SBCs was analyzed with the software CTAn. According to the absence or presence of SBCs, the subjects were divided into two groups: a non-cyst group (n ¼ 25) and a bone cyst group (n ¼ 72). We further selected three subregions from the two selected VOIs in each of the two groups (Fig. 2a) . Each subregion contained cylindrical subchondral bone of 3 mm in diameter and 10 mm in height. The three subregions were the "cyst" subregion, which contained at least one SBC (n ¼ 23); the peri-cyst subregion, which was 3 mm adjacent to the cyst subregion in the same specimen and contained no bone cyst (n ¼ 23); and the matched subregion, which is consistent with the anatomic location of cyst subregion (n ¼ 25). If a peri-cyst subregion was not able to be selected, the specimen was excluded.
Then three dimensional (3-D) analysis of subchondral bone was performed using the software CTAn. The following parameters were calculated: bone volume fraction (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), trabecular pattern factor (Tb.Pf) 27 , structure model index (SMI) 28 , degree of anisotropy (DA) and connectivity density (Conn.D). Moreover, the bone mineral density (BMD) was calibrated by using the attenuation coefficient of two hydroxyapatite phantoms (supplied by Bruker micro-CT, Belgium) with defined BMD of 0.25 g/cm 3 and 0.75 g/cm 3 . The BMD color maps were established using the software CTvox (Bruker micro-CT, Belgium).
Histology
After the micro-CT scan, tissue plugs corresponding to the VOIs of tibial plateaus (n ¼ 15; samples were randomly selected from each group) were further processed for histological analysis. Serial sections were made into 5-mm thicknesses and stained with hematoxylin and eosin as well as Safranin O and Fast Green. Cartilage and subchondral bone regions were observed under light microscopy (Olympus DP 80). OA cartilage pathology was evaluated using the Osteoarthritis Research Society International (OARSI) scoring method 29 . Evaluations were conducted by an experienced expert (TW) blinded to the findings from radiographs, micro-CT and medical records. The ratio of bone area to total area of subchondral bone was assessed by Image-Pro Plus version 5.0 (Media Cybernetics, Inc.) as previously described 3, 4 . Briefly, at least five sections from each sample were stained for analysis. For each section, five areas were measured 3, 4 .
Immunohistochemistry
Biomarkers of osteoclast (tartrate-resistant acidic phosphatase, TRAP), osteoblast (Osteocalcin), osteoprogenitor (Osterix) 3, 4 , and biomarkers of the chondrogenic phase during endochondral bone formation (SOX9) 30 were detected using immunohistochemistry with protocols described previously (n ¼ 15; samples were randomly selected from each group) 3, 4, 31 . TRAP staining was performed according to the manufacturer's protocol (Sigma). Other sections were incubated overnight with either anti-Osterix (Abcam), anti-Osteocalcin (TakaRa), or anti-SOX9 (Abcam) primary antibodies, followed by horseradish peroxidase-labeled secondary antibodies (Abcam) and developed with 3, 30-diaminobenzidine substrate (Vector Laboratories). After image capture, the number of positive cells was quantified as previously described by a blinder (MG) 3, 4 .
Statistical analysis
The epidemiological, micro-CT, histology and immunohistochemistry data were tested for normality using ShapiroeWilk Test.
The comparison of the variables between the non-cyst and bone cyst groups was conducted using the Student's t-test for normally distributed variables and the chi-square test for categorical data (i.e., gender and KeL grade). Correlations of SBC volume with subchondral bone microstructure parameters and OARSI score were estimated using the Pearson's correlation coefficient test. The comparison of micro-CT variables among the cyst, peri-cyst and matched subregions was performed using one-way ANOVA. If the result was significant, a post-hoc test was further conducted. Statistical significance was set as P < 0.05. SPSS 20.0 (Chicago, IL) was used for all statistical analyses.
Results
Patient demographics
Of the 97 patients enrolled, 74.2% (72 of 97) had SBCs. No statistically significant differences were found between the two groups regarding the patients' gender, age, BMI, or alignment angle (P values range from 0.201 to 0.562; see Supplementary  Table) . Regarding KeL grade, there were 3 patients with grade 2, 6 patients with grade 3, and 16 patients with grade 4 in non-cyst group. In bone cyst group, there was 1 patient with grade 2, 24 patients with grade 3 and 47 patients with grade 4. The two groups showed marginally significant difference in the KeL grade (P ¼ 0.061). . Worn-out cartilage (black arrows) was indicated in the two groups (C and D). Osteophytes were noted in tibial plateaus in both groups (white arrows, AeD). Large bone cysts (black hollow arrows in F) were noted in macroscopic view. Sclerotic subchondral bone was observed in areas adjacent to bone cysts (arrow heads in F).
In plain radiographs, SBCs were observed in tibial plateaus of the bone cyst group (Fig. 1A and B) . Under macroscopic view, large SBCs were observed in the tibial plateaus (Fig. 1D) . Sclerotic subchondral bone was noted surrounding the SBCs (Fig. 1F) .
Micro-CT
The micro-CT 3-D images of the non-cyst and bone cyst groups are displayed in Supplementary Fig. 2AeL . The BMD in the subchondral bone around the SBCs was demonstrated in the color maps ( Supplementary Fig. 2MeP ). Quantitative analysis revealed that the bone cyst group had an average cyst volume of 5.18 ± 3.85 mm 3 (range from 2.19 to 21.97 mm 3 ). Subchondral bone within the bone cyst group had significantly higher BV/TV (34.9% higher, P ¼ 0.003), Tb.N (35.0%, P ¼ 0.017) and lower SMI (À43.8%, P ¼ 0.001) compared with the non-cyst group ( Supplementary  Fig. 3 ). No statistically significant difference was found in DA, Conn.D, Tb.Th, Tb.Sp, Tb.Pf or BMD (P values range from 0.125 to 0.229), between the two groups. Significant correlations of bone cyst volume with BV/TV (P ¼ 0.010), Tb.N (P ¼ 0.029), SMI (P < 0.001), DA (P ¼ 0.001), and Tb.Pf (P < 0.001) were found using the Pearson's correlation coefficient test (Table I) . No significant correlations of bone cyst volume were found with Tb.Th or Tb.Sp (both P values > 0.500).
The micro-CT 3-D images and BMD maps of the matched, cyst, and peri-cyst subregions are displayed in Fig. 2b . The one-way ANOVA shows that there were statistically significant differences in BV/TV (P ¼ 0.009), Tb.N (P ¼ 0.026), BMD (P ¼ 0.041), SMI (P ¼ 0.029), and Tb.Sp (P ¼ 0.045) among the three subregions (Fig. 3) . No statistically significant differences among subregions were found in Tb.Th, DA, Conn.D or Tb.Pf (P values range from 0.131 to 0.273) of the subchondral trabecular bone. Post-hoc tests showed that the cyst subregion was higher in BV/TV (P < 0.001) and Tb.N (P < 0.002), but lower in BMD (P < 0.037) and SMI (P < 0.001), than the matched and the peri-cyst subregions. The matched subregion was higher in Tb.Sp than the cyst and the peri-cyst subregions (P < 0.041). In addition, no statistically significant differences in BV/TV, BMD, Tb.N, or SMI (P values range from 0.690 to 0.806) were found between the matched and the peri-cyst subregions.
Histology
The worn-out articular cartilage in the non-cyst and bone cyst groups is shown in Fig. 4 . Quantitative analysis revealed significantly higher OARSI scores in the bone cyst group than non-cyst group (20 ± 3 for bone cyst group and 12 ± 2 for non-cyst group, P < 0.001, Fig. 4I ). Furthermore, SBC volume positively correlated with OARSI scores (r ¼ 0.511, P ¼ 0.003, Table I ). Compared with the non-cyst group, some areas of the SP in the bone cyst group were occupied by focal fibrocartilage tissue. Fibrocartilage tissue was also observed at the edges of the SBCs. In addition, large amounts of fibrous tissue were also noted in bone cyst cavities ( Fig. 4D and H) . Trabecular bone fragments without viable osteocytes within the bone cyst cavity were observed in the bone cyst group (Fig. 4D and  H) , indicating focal bone necrosis. Quantitative analysis revealed a statistically higher (37.5%; P ¼ 0.011) ratio of bone area/total area in the bone cyst group compared with the non-cyst group (Fig. 4J) .
Immunohistochemistry
Quantitative analysis revealed a significantly higher number of TRAP þ osteoclasts in the bone cyst group compared with the noncyst group (P ¼ 0.003, Fig. 5 ). Osterix þ osteoprogenitors in the bone cyst group aggregated around the SBCs, while Osterix þ osteoprogenitors in the non-cyst group were mainly distributed in bone marrow (Fig. 6a) . Quantitative analysis showed a significantly higher number of the Osterix þ osteoprogenitors in the bone cyst group (P ¼ 0.017; Fig. 6b ). Similarly, Osteocalcin þ osteoblasts were obviously noted at the cyst wall (Fig. 6c) . Quantitative analysis also revealed a significantly higher number of Osteocalcin þ osteoblasts in the bone cyst group (Fig. 6d) , suggesting elevated level of osteoblastogenesis. Taken together, these findings indicate increased subchondral bone turnover in the bone cyst group compared with the non-cyst group. Immunohistochemistry of SOX9 revealed a significantly higher number of SOX9 þ cells in the bone cyst group, indicating elevated endochondral bone formation compared with the non-cyst group. Additionally, the SOX9 þ cells in the bone cyst group were observed mainly at the wall of the bone cyst (Fig. 7) .
Discussion
In this study, we investigated changes in bone remodeling, bone structure and articular cartilage associated with SBCs within human knee OA. We found that bone and articular cartilage demonstrate changes localized to SBC regions. These findings support the paradigm of focal interactions among bone, marrow, and articular cartilage in pathogenesis of knee OA.
Studies using MRI have reported that knee OA patients have enlarged SBCs and develop new SBCs as the disease progresses 10, 14 .
In this study, the frequency of SBCs (74%) in OA patients was higher than that (57%) reported in a previous study using MRI 11 . One possible reason for such a discrepancy was that the patients in our The correlations were performed using Pearson's correlation coefficient. Bold text indicates a statistically significant correlation with a P value less than 0.05. Fig. 3 . Quantitative analysis of microstructure and mineralization among three subregions from subchondral bone with or without bone cysts. # ¼ parameter with significant difference among subregions using one-way ANOVA (P < 0.05). * ¼ significant difference between two subregions according to post-hoc tests (P < 0.05).
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study were in advanced stages of OA (mainly grade 3 or 4 on the KeL scale), while patients of that study were in relatively early stages of OA ( grade 3 on the KeL scale) 11 . Thus, our results are consistent with previous studies 10, 14 . No significant difference was found in epidemiological data between the non-cyst and bone cyst groups, indicating that these factors do not interfere with the comparison of subchondral bone ultrastructure and remodeling between the two groups. Fig. 4 . Histological images of tibial subchondral bone without or with bone cysts. Articular cartilage (AC) could be observed in the non-cyst group (A and C). In contrast, most of the articular cartilage was worn-out in the bone cyst group (E and G). Compared with the non-cyst group, some areas of the SP in the bone cyst group were occupied by focal fibrocartilage tissue (* in EeH). Fibrocartilage tissue was also observed at the edge of the cysts (arrows, F and H). Large amounts of fibrous tissue were noted in bone cyst cavities. Trabecular bone fragments without osteocytes imbedded were observed in the bone cyst group (hollow arrows, F and H), indicating focal bone necrosis. The OARSI score was significantly higher in bone cyst group compared with the non-cyst group (I). The ratio of bone area to total area in the bone cyst group was significantly higher (J). * ¼ P < 0.05. The 3-D micro-CT and histology analyses were consistent with each other and illustrated that the wall of the SBCs is sclerotic, with increased bone volume and Tb.N ( Supplementary Fig. 2 ). The positive relationships of these values with SBC volume suggest increased bone formation (Table I ). The finding of lower SMI indicates that trabeculae around the SBCs were more plate-like compared with the non-cyst groups. This finding is consistent with previous human studies 32, 33 . Plate-like trabeculae reflect higher mechanical strength and stiffness than rod-like trabeculae 33, 34 . Therefore, our results suggest that trabeculae surrounding SBCs may have increased stiffness. No significant differences were found in BMD, DA, or Conn.D between the two groups. However, this may be mainly due to the large variability within the specimens in bone cyst group. No significant differences in bone structure were found between the matched and peri-cyst subregions, suggesting that bone structure changes are localized to the areas immediately adjacent to SBCs. There were significant differences in BMD between the cyst and peri-cyst subregions, indicating that subchondral bone surrounding SBCs is not only sclerotic but contains less mineral, and is in accordance with results from a previous study of hip OA 25 . The reduced BMD of subchondral bone surrounding SBCs may thus also have mechanical consequences. The determination of mechanical properties will be required in future studies. Safranin O and Fast Green staining showed proteoglycancontaining fibrocartilaginous tissue at the edge of SBCs and in cyst cavities. Fibrocartilaginous tissue is heterotopic in some of the end-staged OA subchondral bone 35 . It is considered to carry out tissue regeneration by synthesizing collagen Type I but not collagen Type II which is typical for healthy cartilage 35 . Further immunohistochemical staining of SOX9-a biomarker for the chondrogenic phase during endochondral bone formation, which has been detected during fracture healing 36 and heterotopic ossification 30 - revealed that SOX9 þ cells aggregate around the cyst wall (Fig. 7) .
Consistently, higher numbers of Osteocalcin þ osteoblasts were detected surrounding the bone cyst wall compared with the noncyst group. The above findings suggest that endochondral bone formation occurred at the cyst wall, which indicates abnormal subchondral bone remodeling. On the other hand, immunohistochemical analysis showed elevated activity of Osterix þ osteoprogenitors surrounding SBCs (Fig. 6 ), suggesting increased osteogenic differentiation of bone marrow mesenchymal bone marrow stem cells (MSCs). Clusters of Osterix þ osteoprogenitors in subchondral bone marrow, and consequent increased bone formation, has been characterized in knee OA pathogenesis in our previous studies 3, 4 . Therefore, our finding suggests that increased osteogenic differentiation of MSCs partly contributes to the increased bone turnover surrounding SBCs.
There are several limitations of this study. First, this is a crosssectional study. Thus, we were not able to monitor subchondral bone turnover and cartilage damage during cyst development longitudinally. Second, the patients recruited in this study had moderate-to-severe knee OA. Therefore, the results could not represent the conditions in earlier stages of human OA. Third, in the present study, the bone and cartilage samples were extracted from the center of the load-bearing area of the tibial plateau. However, SBCs and the corresponding bone turnover and cartilage degradation in other regions of the tibial plateau may differ. Fourth, reports from arthroplasty registries showed that gender distribution of knee OA patients varies among different countries 37 . In a South Korea study, female patients comprised as high as 88.1e88.9% of the total sample of knee OA patients 38 . Similarly, in the authors' hospital, it has been reported that the female patients comprised 79.2e85.5% of the total sample of knee OA patients 39 . In the current study, 88.7% of the patients were female. Thus, the gender of patients was skewed toward females, and males were underrepresented. In addition, this skewed gender distribution, together with other characteristics, limits the interpretation of the results to certain cohorts of patients, such as Asians vs other ethnic groups.
Last but not least, only SBCs with diameters greater than 1 mm were included in this study, because it is difficult to precisely differentiate between very small SBCs and bone marrow space using micro-CT 25, 26 . Thus, this study may underestimate the effects of SBCs, and lead to the relatively weak relationships (r 2 < 0.30)
between SBC volume and parameters of subchondral bone and cartilage damage. Taken together, we found that SBC regions in human OA knees are foci of increased bone remodeling and altered structure, and are spatially associated with articular cartilage degradation. These results imply the biomechanical link between SBC formation and cartilage damage. Our further analyses provide a "bone remodeling" model for SBC formation: due to mechanical stimulus 40 or/and biochemical micro-environment changes 1,2 , the remodeling of subchondral bone is activated. Necrotic bone fragments are phagocytosed by osteoclasts, creating the cyst cavity. Meanwhile, bone formation is enhanced by endochondral bone formation as well as increased activity of osteoprogenitors and osteoblasts, resulting in a sclerotic cyst wall. This model favors the "bony contusion theory" 16, 17 . Thus, our findings prompt the need for a longitudinal study to confirm the "bone remodeling" model for SBC formation and its causal relationship with articular cartilage degeneration.
Author contributions
All authors were involved in drafting the article for important intellectual content, and all authors approved the final version to be published.
Study conception and design: YC, FL, HP, XC, XEG, WWL. Acquisition of data: YC (Clinical, micro-CT and histology data), TW (Micro-CT data), MG and WZ (histology data).
Analysis and interpretation of data: YC, TW, FL, HP, XC, XEG, WWL.
Conflict of interests
The authors declare that they have no competing interests. 
